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Abstract A partial wave analysis of antiproton-proton an-
nihilation data in flight at 900 MeV/c into pi0pi0η , pi0ηη
and K+K−pi0 is presented. The data were taken at LEAR
by the Crystal Barrel experiment in 1996. The three chan-
nels have been coupled together with pipi-scattering isospin
I=0 S- and D-wave as well as I=1 P-wave data utilizing
the K-matrix approach. Analyticity is treated using Chew-
Mandelstam functions, also for unstable decay products. In
the fit all ingredients of the K-matrix, including resonance
masses and widths, were treated as free parameters. In spite
of the large number of parameters, the fit results are in the
ballpark of the values listed in PDG [1]. In the channel pi0pi0η
a significant contribution of the spin exotic IG = 1− JPC =
1−+ wave with a coupling to pi0η is observed. Furthermore
the contributions of φ(1020)pi0 andK∗(892)±K∓ in the chan-
nel K+K−pi0 have been studied in detail. The differential
production cross section for the two reactions and the spin-
density-matrix elements for the φ(1020) and K∗(892)± have
been extracted. No spin-alignment is observed for both vec-
tor mesons. The spin density matrix elements have been also
determined for the spin exotic wave.
Keywords p¯p annihilation · pipi scattering data · coupled
channel analysis · K-matrix approximation · Chew-Mandel-
stam function · spin density matrix · spin-exotic pi1
1 Introduction
Two decades ago p¯p annihilation data in flight from the
Crystal Barrel experiment have already been analyzed by
a Now at Stefan Meyer Institute, Austrian Academy of Sciences Vi-
enna, 1090 Vienna, Austria
b Now at GSI Helmholtzzentrum für Schwerionenforschung GmbH,
64291 Darmstadt, Germany
combining different channels [2, 3] . This approach provides
good means to face the challenges related to the large num-
ber of possible initial p¯p states and especially of overlap-
ping resonances with the same quantum numbers in the light
meson sector. The most important advantages compared to
single channel fits are the ability to provide additional con-
straints by sharing common production amplitudes over dif-
ferent channels and to describe the dynamical parts in a more
sophisticated way so that the conservation of unitarity and
analyticity is better fulfilled. During the last years lots of ef-
forts have been put into a better understanding of the pipi-
scattering waves. By considering dispersion relations and
crossing symmetries the phase shifts and inelasticities for
energies below
√
s < 1.425 GeV/c2 can be now described
very precisely [4] and have been taken into account in this
analysis. In addition over the last two decades the comput-
ing power has improved dramatically so that nowadays more
extensive coupled channel analyses can be performed in a
reasonable time scale. The reanalysis of the Crystal Barrel
data in combination with pipi-scattering data therefore helps
to better understand the production mechanism of light me-
son states in the p¯p annihilation process.
The p¯p data presented here have been measured by the
Crystal Barrel experiment at LEAR in the year 1996. The
analysis has been performed with PAWIAN (PArtial Wave
InteractiveANalysis Software), a powerful, user-friendly and
highly modular partial wave analysis software package with
the ability to support single and coupled channel fits with
data obtained from different hadron spectroscopy experi-
ments [5]. The analysis of the channels p¯p→ pi0pi0η , pi0ηη
and K+K−pi0 at a beam momentum of 900 MeV/c coupled
together with pipi scattering data could be considerably im-
proved compared to previous analyses [2, 3, 6, 7] with em-
phasis on the following aspects:
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2– The three channels are dominated by f0 and f2 reso-
nances decaying to pi0pi0, ηη and K+K−, respectively.
The goal therefore is to determine the pole positions
properly and to some extent the partial widths of these
resonances utilizing the K-matrix technique with P-vector
approach. The fundamental requirements of unitarity and
analyticity are realized by making use of Chew-Mandel-
stam functions proposed by [8]. The advantage of this
description is that the search for resonances and the de-
termination of their properties is not limited to the real
axis of the complex energy plane where the data are lo-
cated. Instead, it is possible to investigate the analytic
structure over the full complex energy plane.
– The channel K+K−pi0 is of special interest. Only by cou-
pling it to the other two channels it is feasible to disen-
tangle the fJ and aJ resonance contributions decaying
to K+K−. This is possible because the pi0pi0η channel
contains only the production amplitudes for the reac-
tions p¯p→aJpi0 and the pi0ηη channel only the ampli-
tudes for p¯p→ fJpi0. By sharing these production ampli-
tudes and by constraining in addition the ρpi0 contribu-
tion with I=1 P-wave pipi-scattering data the decays pro-
ceeding via φ(1020)pi0 and K∗(892)±K∓ can be well
extracted. Based on the fitted amplitudes the spin den-
sity matrix (SDM) elements for the two vector mesons
φ(1020) and K∗(892)± can be determined which pro-
vide the full information on the underlying production
process. The comparison with the ω production in the
channel p¯p → ωpi0 [9] delivers new information about
the p¯p production process of light mesons with strange-
quark content. The reaction p¯p → K+K−pi0 has already
been studied in detail for beam momenta between 1.0
and 2.5 GeV/c [10]. Due to the limited number of events
only SDM elements averaged over the production an-
gle have been determined. With the data and the refined
analysis presented here it is even possible to extract the
production angle dependence of the SDM elements with
good accuracy.
– In p¯p and p¯n annihilations the spin exotic wave pi1 was
so far only visible in annihilations at rest [11, 12]. It was
the aim of this refined analysis to trace it also in p¯p ex-
periments in flight. Also here the extraction of the SDM
elements might help to better understand the annihilation
process for this kind of reactions.
– The outcome of this analysis provides also new and very
helpful insights for high quality and high statistics ex-
periments like PANDA [13]. One major physics topic
of PANDA is the spectroscopy of exotic and non-exotic
states in the charmonium and open charm mass regions
in p¯p production and formation processes. In particular
similarities between the p¯p annihilation processes into
the channels φ(1020)pi0, K∗(892)±K∓ and the channels
J/ψpi0,D∗D¯ consisting of charm quarks can be expected.
2 Crystal Barrel Experiment
The Crystal Barrel detector has been designed with a cylin-
drical geometry along the beam axis. A liquid hydrogen tar-
get cell with a length of 4.4 cm and a diameter of 1.6 cm
was located in the center of the detector where the p¯p anni-
hilation took place. Antiprotons that passed the target with-
out annihilation were vetoed by a downstream scintillation
detector. The target was surrounded by a silicon vertex de-
tector, followed by a jet drift chamber which covered 90 %
and 64 % of the full solid angle for the inner and outer layer,
respectively. These devices together with a solenoid mag-
net providing a homogeneous 1.5 T magnetic field parallel
to the incident beam guaranteed a good vertex reconstruc-
tion, tracking and identification for charged particles. For
the accurate measurement of the energy and flight direc-
tion of photons the detector was equipped with a barrel-
shaped calorimeter consisting of 1380 CsI(Tl) crystals cov-
ering the full azimuthal range of 360◦ and polar angles from
12◦ to 168◦. With this electromagnetic calorimeter, located
between the jet drift chamber and the solenoid magnet, an
energy resolution of σE/E ≈ 2.5 % and an angular resolu-
tion of 1.2◦ in θ and φ each have been achieved for photons
with an energy of 1 GeV. A detailed description of the full
detector can be found elsewhere [14].
3 Data Selection
The basic reconstruction and event selection was performed
in analogy to older publications by the Crystal Barrel Col-
laboration (see e.g. [2, 3, 6, 7]). In addition, neural networks
were used to detect electromagnetic [15] and hadronic [16]
split-offs, that could be falsely registered as photon candi-
dates in the electromagnetic calorimeter. For all three reac-
tions considered here an exclusive reconstruction was per-
formed. Thus, events are only accepted and subjected to fur-
ther analysis if all final state particles have been detected.
3.1 Selection Criteria
pi0pi0η : This reaction results in a final state of six pho-
tons, thus the number of tracks is required to be zero. Fur-
thermore, the number of photon candidates after applica-
tion of the split-off detection must be exactly six. Since the
final state photons can be combined in multiple ways to
form the required pi0 and η resonances, kinematic fits under
the hypotheses 6γ , pi0pi0γγ , pi0pi0η , pi0ηη , 3pi0, ωω and
3η are performed. For all hypotheses energy and momen-
tum conservation are required, as well as additional con-
straints of the invariant two-photon mass to match the re-
spective intermediate resonances pi0 or η . For the signal
channel the fit must converge with a confidence level (CL)
3greater than 10%, corresponding to a probability of p> 0.1,
while p < 0.001 is required for most background hypothe-
ses. For the ωω hypothesis a requirement of p < 0.01 is
used. A previous analysis of the pi0pi0η final state based
on the same data set has shown [3], that after the applica-
tion of kinematic fits events originating from the reaction
p¯p → ω(→ γpi0)pi0pi0 → 7γ represent the main source of
remaining background. For these events in most cases one of
the seven final state photons escapes the detection. To effec-
tively suppress this type of background events, we make use
of a sophisticated event-based method, which is described in
3.2.
pi0ηη : Since also this reaction results in a six photon fi-
nal state, the basic selection criteria are very similar to the
ones applied in the pi0pi0η case. Also here, multiple kine-
matic fits are performed to improve the quality of the se-
lected data sample. All kinematic fits require conservation
of energy and momentum and additional constraints to the
pi0 or η mass, where applicable. Again, the fit is required to
converge for the signal channel with p > 0.1. More strin-
gent requirements are set to reduce background from the
reactions p¯p → ωω (p < 0.01) and p¯p → 3η (p < 0.1).
Similar to the pi0pi0η channel, it is expected that prominent
background due to the reaction p¯p→ ωpi0pi0 → 7γ remains
after the selection. This type of background can appear be-
low both η signals and is treated with the event-based back-
ground suppression described in 3.2.
K+K−pi0 : For this reaction, exactly two oppositely charged
kaons are required, which must originate from a common
vertex within the target cell. Furthermore, the number of ac-
cepted photon candidates after application of the split-off
detection is required to be two. Since pions and kaons can
not be separated easily by using the information on the dif-
ferential energy loss from the drift chamber for momenta
above 500 MeV/c the main background for the reaction un-
der study is expected to be p¯p → pi+pi−pi0. To suppress
background and to improve the quality of the data the events
are subjected to kinematic fits under the hypotheses p¯p →
K+K−pi0, K+K−γγ , pi+pi−pi0, pi+pi−η , K+K−η , pi+pi−η ′
and K+K−η ′. For each hypothesis the conservation of mo-
mentum and energy are required (4 constraint fit) as well
as an additional constraint to the invariant two-photon mass,
which must match the mass of pi0, η or η ′, where applica-
ble. To accept an event, it is required that the kinematic fit
converges for the signal hypothesis with p > 0,1, while for
background suppression p< 0.01 for the pi+pi−pi0-hypothesis
and p < 10−5 for all other hypotheses is required. For the
signal hypothesis, the distribution of the CL is found to be
almost flat for p > 10%, while all pull distributions exhibit
a Gaussian shape centered at µ = 0 with a width of σ ≈ 1.
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3.2. Selektion des Endzustandes K+K≠fi0
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Abbildung 3.2.: Resultate der Optimierung der Pullverteilungen für die Hypothese
ppæ K+K≠fi0. (a)-(c) und (g)-(i) zeigen die Extrapolationen der Breiten ‡ auf den Schnitt
pmin = 0 für Photonen (oben) bzw. geladene Teilchen (unten). Die Datenpunkte bei bei
pmin = [0,0; 0,1] wurden bei der linearen Anpassung nicht berücksichtigt. (d)-(f) und (j)-(l)
zeigen die jeweiligen Pulls (Schnitt pmin = 0,1) mit angepassten Normalverteilungen und
resultierenden Mittelwerten µ.
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Abbildung 3.2.: Resultate der Optimierung der Pullverteilungen für die Hypothese
ppæ K+K≠fi0. (a)-(c) und (g)-(i) zeigen die Extrapolationen der Breiten ‡ auf den Schnitt
pmin = 0 für Photonen (oben) bzw. geladene Teilchen (unten). Die Datenpunkte bei bei
pmin = [0,0; 0,1] wurden bei der linearen Anpassung nicht berücksichtigt. (d)-(f) und (j)-(l)
zeigen die jeweiligen Pulls (Schnitt pmin = 0,1) mit angepassten Normalverteilungen und
resultierenden Mittelwerten µ.
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3.2. Selektion des Endzustandes K+ ≠fi0
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Abbildung 3.2.: Resultate der Optimierung der Pullverteilungen für die Hypothese
ppæ K+ ≠fi0. (a)-(c) und (g)-(i) zeigen die Extrapol ti nen d r Breiten ‡ auf den Schnitt
pmin = 0 für Photonen (oben) bzw. gelad ne Teilchen (u ten). Die atenpu kte bei
pmin = [0,0; 1] wurden bei d r linearen A passung nicht berücksi htigt. (d)- f) und (j)-(l)
zeigen die jeweilig n Pulls (Schnitt pmin = 0,1) mit angepassten Normalverteilungen und
resultierenden Mittelwerten µ.
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Fig. 1 Confidence level and exemplary pull distributions obtained
from the kinematic fit for the hypothesis p¯p → K+K−pi0. The con-
fidence level (a) shows a flat distribution towards large p values and an
enhancement for low values, which is caused by background or mis-
reconstructed events. The pull distributions for the angles φ , θ (b,c)
and the square root of the energy (d) for reconstructed photons show
a Gaussian shape centered at zero with a width of approximately one.
All four distributions show the good quality of the selected data and
indicate a well understood error matrix.
This indicates a high quality of the data and a properly ad-
justed error matrix. The CL distribution along with some
pull distributions are exemplarily shown for this channel in
Fig. 1. After application of these selection criteria the re-
maining background estimated from the sidebands of the pi0
signal in the distribution of the invariant two-photon mass is
negligibly small. Thus, no further steps are taken to reduce
remaining background and the finally selected 17529 events
are used for the partial wave analysis.
3.2 Additional Signal-Background Separation
The remaining background contribution for the reactions re-
sulting in a final state consisting of six photons can in prin-
ciple stem from various sources and is mostly irreducible
using simple one-dimensional selection criteria. To identify
and suppress this type of background, a signal weight factor
Q is assigned to each event. In contrast to other methods,
as e.g. the side-band subtraction method for binned data,
the procedure employed here is an event based method. No
details about the sources of all non-interfering background
contributions must be known a priory. This method is de-
scribed in detail in [17] and was successfully applied in ear-
lier analyses by the CLAS collaboration [18, 19] as well as
in a recent re-analysis of Crystal Barrel data [9]. In principle
the method relies on the fact, that background events cannot
reproduce the narrow mass shape of resonances as e.g. pi0
4or η in the corresponding invariant mass spectrum. To ap-
ply the method the nearest neighbors in the phase space for
each event must be identified. Therefore, a metric containing
relevant kinematic variables must be defined. As described
above, the main background for the reaction p¯p → pi0pi0η
stems from processes resulting into a 7γ final state, where
no η meson is involved in the decay. Therefore, the method
is applied to the invariant two-photon mass in the η signal
region. The metric was chosen to consist of four kinematic
variables, namely the polar production angle of the η me-
son in the center-of-mass frame, the polar and azimuthal de-
cay angles of one of the pi0’s in the pi0pi0 helicity frame as
well as the polar decay angle of the η meson in the pi0η
helicity frame. Fig. 2 (a) shows the distribution of the invari-
ant two-photon mass for the 100 nearest neighbors of a se-
lected event identified with the metric described above. The
Q-factor for the event under consideration is then defined
as the signal-to-background fraction at the position of the
event, obtained from an unbinned fit to this distribution con-
taining a description of the signal (described by a Gaussian
function) and a linear background, as visualized in Fig. 2 (a).
The same event weight method has been applied for the re-
action p¯p → pi0ηη . Also here, the dominant background
contribution stems from reactions, which do not involve an
η meson. In contrast to the reaction described above, the Q-
factor method now has to be applied to the two-dimensional
invariant two-photon distribution to simultaneously consider
background below both η resonances. The metric again con-
sists of four variables, namely the polar production angle of
the pi0 in the center-of-mass frame, the polar and azimuthal
decay angles of one of the two η mesons in the ηη helic-
ity frame and the polar decay angle of that η meson in the
pi0η helicity frame. In this case a number of 200 nearest
neighbors is identified for each event and the signal is de-
scribed by a two-dimensional Gaussian function, while the
background is parameterized linearly independent for both
invariant two-photon masses. The Q-factor is then calculated
in the same way as for the one dimensional case.
The performance of the Q-factor method is evaluated using
dedicated Monte Carlo samples which are generated using
proper amplitude models for signal and background contri-
butions. The background can be clearly identified and af-
ter application of the Q-factor method we obtain clean data
samples which are used as input for the partial wave analy-
sis.
3.3 Overview of the Selected p¯p Data Samples
After application of the Q-factor method, a sample of 90408
signal events for the pi0pi0η channel is obtained. Figure 3
shows the Dalitz plot of the selected and Q-weighted pi0pi0η
events. Prominent structures possibly originating from con-
tributions of the a2(1320) as well as the f2(1270) meson
Kapitel 3. Datenselektion
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Abbildung 3.10.: Ergebnisse der Q-Wert-Methode zur Erkennung des Untergrundes unter
dem ÷-Signal im Endzustand fi0fi0÷. (a) Beispiel einer Anpassung der Verteilung der nächsten
Nachbarn eines Ereignisses mit der Masse m(““) = mi. Die Einteilung der Ereignisse in
Zellen erfolgt nur zur grafischen Darstellung. (b) Spektrum der invarianten ““-Massen mit
erkanntem Untergrund im ÷-Signalbereich.
Verteilungen von Seitenband und Untergrund sind jeweils nahezu identisch und weisen deut-
liche Unterschiede gegenüber dem Signalanteil auf. Besonders deutlich wird dies z. B. bei
den fi0fi0-Zerfallswinkeln oder den invarianten fi0÷-Massen. Dies kann als starker Hinweis
darauf gesehen werden, dass die mittels der Gewichte unterdrückten Ereignisse tatsächlich
größtenteils Untergrundereignisse sind.
Eine weitere Analyse des Untergrundes ist anhand einer Monte-Carlo-Simulation möglich,
bei welcher die Ereignisgewichte für ein Gemisch aus simulierten fi0fi0÷- und Êfi0fi0-Ereignissen
ermittelt werden. Auf diese Weise kann die E ektivität ihrer Separation direkt quantifiziert
werden. Um möglichst realistische Bedingungen zu scha en, werden die Ereignisse mit phy-
sikalischen Modellen aus einer Partialwellenanalyse erzeugt. Hierfür werden die Ereignisse
phasenraumverteilt generiert, durch den Detektor propagiert, entsprechend der physikalischen
Amplitude mit Gewichten versehen und schließlich mittels des stochastischen Acceptance-
Rejection-Verfahrens im Datensatz belassen bzw. aussortiert. Das Modell für die Signaldaten
stammt von einer vorläufigen Anpassung aus dieser Arbeit, das für die Untergrundereignisse
aus einer in [30] durchgeführten PWA. Eine zufriedenstellende Beschreibung der Hauptbeiträ-
ge ist hierbei ausreichend. Die Resultate der Analyse werden erneut in Form unterschiedlicher
Massen- und Winkelverteilungen dargestellt (Abb. 3.12). Bei einem generierten Untergrun-
danteil von 9,1% liegt der ermittelte Anteil mit 12,4% leicht zu hoch. Dafür werden die
charakteristischen Unterschiede zwischen den Verteilungen von Signal und Untergrund in den
meisten Fällen sehr gut erfasst. Insgesamt kann damit von einer e ektiven Unterdrückung
von Êfi0fi0-Ereignisse ausgegangen werden, weshalb auf eine explizite Berücksichtigung von
derartigem Untergrund in der PWA verzichtet wird. Ein besonderer Vorteil der Q-Wert-
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Fig. 2 Performance of the Q-factor method for background below the
η signal appearing in the reaction p¯p → pi0pi0η . (a) shows the invari-
ant two-photon mass for 100 nearest neighbors of a selected pi0pi0η
ev t. The green curve shows the total fit result. The blue and red
shapes represent the signal and background contributions, respectively.
The vertical line denotes the position of the actual event. (b) shows
the invariant two-photon mass for all events after application of the
Q-factor method for the identified signal (blue) and background (r d)
components.
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Abbildung 3.13.: Dalitz-Plots für pp æ fi0fi0÷ (jeweils zwei Einträge pro Ereignis). Die
schwarze Umrandung zeigt die Grenzen des Phasenraums. In grau sind einige Massen in
MeV/c2 angegeben.
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Fig. 3 Dalitz plot for the pi0pi0η d ta after application of the back-
ground suppression not corrected for acceptance. Some resonance
masses of interest are marked with thin black lines and gray labels
(two entries per event).
are clearly visible. Furthermore, possible structures around
1 GeV/c2 can be seen, which may originate from contribu-
tions of the a0(980) and f0(980) states.
Figure 4 shows the corresponding plot for the pi0ηη
channel, for which in total 10533 weighted events were re-
tained. Also here, a strong structure at the mass of the
a2(1320) meson is observed, as well as a rather strong sig-
nal of the a0(980) in comparison with the pi0pi0η channel. A
strong contribution around 1.5 GeV/c2 is obvious, originat-
ing from an f
′
2(1525), an f0(1500) or both. Figure 5 shows
the Dalitz-plot for all 17529 selected events for the K+K−pi0
channel. It is dominated by bands corresponding to contri-
butions of the K∗(892)± meson decaying into K±pi0. At
the edge of the phase space a structure corresponding to
the φ(1020) meson is visible, as well as structures around
5
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Abbildung 3.18.: Dalitz-Plots für pp æ fi0÷÷ (jeweils zwei Einträge pro Ereignis). Die
schwarze Umrandung zeigt die Grenzen des Phasenraums. In grau sind einige Massen in
MeV/c2 angegeben.
48
Fig. 4 Dalitz plot for the pi0ηη data after application of the back-
ground suppression not corrected for acceptance. Some resonance
masses of interest are marked with thin black lines and gray labels
(two entries per event).
1.3, 1.5 and 1.7 GeV/c2. The respective invariant mass plots
and the efficiency corrected decay angular distributions are
shown in Fig. 7, 8 and 9. Table 1 summarizes the size of
the selected samples and the corresponding number of sig-
nal events.
Table 1 Number of selected events for all three reactions
Reaction Total number Signal events
p¯p → of events ∑Q
pi0pi0η 97372 90408
pi0ηη 11905 10533
K+K−pi0 17529 17529
3.4 Overview of the Scattering Data
Most of the f0, f2 and ρ resonances in the light meson sec-
tor are characterized by the coupling to several decay chan-
nels. Therefore different sets of scattering data are included
which results in an adequate consideration of unitarity. The
individual sets of scattering data used in the coupled chan-
nel fit are as follows: For the reaction pipi → pipi , I = 0 S-
and D-wave (S0- and D0-wave, associated with f0 and f2
resonances) and I = 1 P-wave (P1-wave, identified with ρ
resonances) are taken into account from [4] for the energy
region from the pipi threshold up to
√
s = 1.425GeV/c2.
These model independent parameterizations for the phase
shift and the inelasticity are based on dispersion relations
3.3. Selektion von „fi0-Ereignissen
(a)
(b)
Abbildung 3.6.: Dalitz-Plots für pp æ K+K≠fi0. Die schwarze Umrandung zeigt die
Grenzen des Phasenraums. In grau sind einige Massen in MeV/c2 angegeben.
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Fig. 5 Dalitz plot for the K+K−pi0 data after application of the back-
ground suppression not corrected for acceptance. Some resonance
masses of interest are marked with thin black lines and gray labels.
and crossing symmetries. Since the provided errors are very
small and only based on the uncertainties of the underlying
theory, systematic errors of 0.001 for the inelasticity and of
0.01◦ for the phase motion have been added for the com-
bined fit with the p¯p data. The remaining energy range be-
tween
√
s > 1.425GeV/c2 and
√
s < 1.9GeV/c2 is cov-
ered by the CERN-Munich data [20]. The modulo squares
of the T-matrix for the S0- and D0-wave of the scattering
process pipi → KK are taken from [21] and for pipi → ηη
from [22]. The coupling of the S0-wave for the scattering
process pipi → ηη ′ is considered by the data from [23]. A
summary of all scattering data is shown in Fig. 11.
4 Partial wave analysis
4.1 Amplitudes
Description of the p¯p annihilation amplitudes: The ampli-
tudes for the individual p¯p channels are defined in a simi-
lar way as explained in [9]. The various contributing initial
p¯p states are expressed as an expansion in terms of IG JPC
states. It has turned out from semi-classical calculations [24]
as well as from data analyses, as described in [9] for exam-
ple, that only states up to a maximal orbital momentum Lmaxp¯p
of the p¯p system contribute. The complete reaction chain
starting from the p¯p annihilation system down to the de-
cay into the final state particles is taken into account. The
underlying description is based on the helicity formalism.
The considered angles, illustrated in Fig. 6, are the polar and
azimuthal angle of the production of the intermediate reso-
nance X in the p¯p rest frame with respect to the direction
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Fig. 6 Graphical representation of the most important kinematic variables for the production (a) and decay (b) reference frames. As an example, a
scenario corresponding to the p¯p → K+K−pi0 channel was chosen. The z-axis in (a) is defined by the flight direction of the antiproton, while the
directions of the x− and y-axes are arbitrary and only defined in the laboratory frame by convention (y-axis pointing up in vertical direction). The
p¯p system then decays to K∗+K−, with a further decay of the K∗+ into K+pi0 (black), or e.g. into f0pi0 with the f0 decaying into K+K− (blue).
The angle ∆φ p¯p is the angle between the planes of these two decay branches. According to eqn. (3) K∗+ stands for X . In the helicity frame of the
K∗+ depicted in (b), the z′ axis is defined by the opposite direction of the p¯p system or equivalently of the K− particle. The x′− z′ plane is given
by the production plane, spanned by the flight directions of the proton and antiproton. Accordingly, the y′ axis is perpendicular to this production
plane. K∗+ corresponds to X , pi0 to s1 and K+ to s2 which are given in eqn. (4) .
of the p¯ beam (θ p¯pX ,φ
p¯p
X ) and the azimuthal and polar angle
of the X decay in its helicity system, in which the y-axis is
defined to be parallel to the normal vector of the production
plane (θXs1 ,φ
X
s1 ). X stands either for an isolated single res-
onance or for a partial wave containing several resonances
with defined spin/isospin quantum numbers.
The differential cross section is described in terms of the
transition amplitude depending on the helicities of the in-
volved particles, which is subdivided into the p¯p initial state
amplitude Ap¯p→J
PC
λp λ p¯ , the production amplitude B
JPCp¯p→Xsr
λXλsr
and
the decay amplitude CX→s1s2λs1λs2
of the intermediate resonance
X . The differential cross section for each of the three p¯p
annihilation reactions is given by:
dσ
dτ
∝ w= ∑
λpλ p¯
∣∣∣∑
JPC
Ap¯p→J
PC
λp λp¯
(
∑
X
(
∑
λX
BJ
PC→Xsr
λXλsr
·CX→s1s2λs1λs2
))∣∣∣2,
(1)
where τ stands for the phase space, sr describes the recoil
particle of X and s1, s2 are the decay particles of X . ∑X runs
over all waves and resonances in all possible sub-channels,
like (K−pi0)K+, (K+K−)pi0. This expression is equivalent
to summing incoherently over the p¯p triplet states (S p¯p = 1)
and the singlet state (S p¯p = 0) [25]. The initial state ampli-
tude Ap¯p→J
PC
λp λ p¯ is expandable in LS-states:
Ap¯p→J
PC
λp λ p¯ =∑
I
iJ
PC
(IJ
PC
p¯p )
(
∑
Lp¯p,S p¯p
〈1/2,λp,1/2,−λp¯|Sp¯p,λ p¯p〉
〈Lp¯p,0,Sp¯p,λ p¯p|JPCp¯p ,λp¯p〉 ·α p¯p→J
PC
L p¯pSp¯p
)
, (2)
where iJ
PC
(IJ
PC
p¯p ) represents the ratio between the isospin con-
tributions I p¯p=0 and I p¯p=1 for the relevant initial p¯p state.
The expansion into the LS-scheme is taken into account by
the sum over the orbital momenta Lp¯p and the spins Sp¯p of
the p¯p system with the Clebsch-Gordan coefficients for the
coupling of the anti-proton and proton spins to Sp¯p and for
the coupling of Lp¯p and S p¯p to JPCp¯p . The complex fit param-
eter α p¯p→J
PC
L p¯pSp¯p is proportional to the partial wave amplitude
T p¯p→J
PC
L p¯pSp¯p and includes some additional constant prefactors
which are not explicitly specified here.
The production amplitude reads:
B
JPCp¯p→Xsr
λXλsr
= D
JPCp¯p ∗
λ p¯p λX
(θ p¯pX ,φ
p¯p
X ) · 〈IX , IXz, Isr , Isrz|IJ
PC
p¯p ,0〉(
∑
LXsr SXsr
BLXsr (
√
s,mX ,msr)
〈JX ,λX ,Jsr ,λsr |SXsr ,λXsr〉
〈LXsr ,0,SXsr ,λXsr |JPCλXsr〉 ·αJ
PC→Xsr
LXsr SXsr
)
,
(3)
whereD
JPCp¯p ∗
λp¯p λX
denotes the complex conjugate Wigner-D func-
tion for the decay of the p¯p system to X and sr. It is worth
noting that even the imaginary part of the Wigner-D function
must be used here. The absolute azimuth angle φ p¯pX is not
unambiguously defined for unpolarized p¯p measurements.
However, the difference of this angle between two differ-
ent particle subsystems is accessible and thus considered by
this complex function. The first Clebsch-Gordan coefficient
describes the isospin coupling followed by the loop over
7all possible LXsr SXsr combinations. B
LXsr describes the or-
bital momentum dependent Blatt-Weisskopf production bar-
rier factor and the complex fit parameter αJ
PC→Xsr
LXsr SXsr
includes
again some additional and not explicitly specified constant
prefactors.
The decay amplitude is given by:
CX→s1s2λs1λs2
= DJX∗λX0(θ
X
s1 ,φ
X
s1) · 〈Is1 , Is1z, Is2 , Is2z|IX , IXz〉
·FLs1s2X (mX ,ms1 ,ms2) ·αX→s1s2Ls1s2 ,0 , (4)
where here the complex conjugate Wigner D-function DJX∗λX 0
depends also on the azimuthal angle φXs1 . mX is the energy
of the two-body sub-channel. Since both final state particles
exhibit a total spin of 0 only one LS-combination remains
with Ls1s2 = JX and Ss1s2 = 0, which is included in the pa-
rameter αX→s1s2Ls1s2 ,0 . The term F
Ls1s2
X (mX ,ms1 ,ms2) represents
the dynamics which is described either by the K-matrix for-
malism or by the Breit-Wigner parametrization as discussed
in more detail in the following section 4.2. Since the com-
plex fit parameters α p¯p→J
PC
Lp¯pS p¯p , α
JPC→Xsr
LXsr SXsr
, and αX→s1s2Ls1s2 ,0 are not
completely independent of each other a certain subset of
them is fixed to some reasonable values so that exactly one
solution is provided for the fit procedure.
For the channels pi0pi0η and pi0ηη only one isospin com-
ponent is allowed which is I = 0 for pi0pi0η and I = 1 for
pi0ηη . The channel K+K−pi0, however, contains excited ka-
ons such as K∗(892)± and probably also the (K±pi0)S wave.
The reaction chains (sub-channels) containing these inter-
mediate resonances with strange quark content must be treat-
ed slightly differently compared to the equations above. These
channels do not exhibit a well defined C and G parity and
can originate from both isospin components Ip¯p = 0 and
Ip¯p = 1 of the p¯p system. Therefore it is necessary to ex-
pand the two particle systems K∗(892)±K∓ and (Kpi)±S K
∓
to C and G eigenstates for the relevant IG JPC p¯p state and
the isospin coupling in eq. (2 - 4) must be replaced by ap-
propriate prefactors for considering C-and G- symmetry.
Description of the pipi scattering amplitudes: The pipi-
scattering amplitudes are formulated in the usual manner in
terms of Ti, j-matrix elements, where i stands for the initial
and j for the final channels such as pipi , KK¯, ηη or ηη ′.
The T-matrix is given in terms of K-matrix elements (see
4.2). The scattering data for elastic reactions are provided
in terms of phase shifts and inelasticities, while for inelastic
channels, like pipi→KK¯ and pipi→ ηη , the modulo squared
of the T-matrix, e.g. (2J+ 1) ρpipi |T |2 ρKK¯ , are taken (see
Fig. 11).
4.2 Dynamics
It is well known that Breit-Wigner parameterizations are only
adequate for descriptions of relatively narrow and isolated
resonances located far away from any thresholds and with
a strong coupling to not more than one channel [1]. How-
ever, many light mesons with the same quantum numbers
are broad, overlapping with each other and decaying into
several different channels. Thus more sophisticated descrip-
tions are needed for those non-trivial dynamics. The analysis
presented here makes use of the K-matrix formalism for the
2-body scattering processes and of the P-vector approach for
the p¯p-channels [26, 27].
Description of the scattering processes: The S-matrix of
a 2-body scattering process can be written as
S= I+2iρ1/2 T ρ1/2, (5)
with I being the identity, T the Lorentz-invariant transition
operator and ρ the phase space operator. T can be written in
terms of the K-matrix:
T (s) = (I − K(s)C(s))−1 K(s), (6)
where s is the squared energy of the two-body system and
C(s) is the Chew-Mandelstam function. For the fits presented
here the function as defined in [8] is used and is connected
to the phase space factor by:
ImC(s) = ρ(s) (7)
This Chew-Mandelstam function allows to treat not only sta-
ble decay particles but also decay particles exhibiting certain
widths by satisfying analyticity and quasi-two body unitar-
ity. The K-matrix itself is based on the description in [28]
and can be written as:
Ki j(s) =
(
s− s0
snorm
)
·(
∑
α
gαi gα j B
l
αi(qi,qαi) B
l
α j(q j,qα j)
m2α − s
+∑
k
c˜ki j · s˜k
)
,
(8)
where i and j represent the reaction channels, gαi the cou-
pling strength of the resonance α to the channel i and mα the
K-matrix mass of the resonance α . Blαi(qi,qαi) denote the
Blatt-Weisskopf barrier factors with the breakup momentum
qi and the resonance breakup momentum qαi for the orbital
decay angular momentum l in the channel i. The s˜ dependent
polynomial terms of the order k with s˜ = (s/snorm)− 1 to-
gether with the parameters c˜ki j describe non-resonant back-
ground contributions, which are allowed to be added to the
K-matrix without violating the unitarity. s−s0snorm represents the
Adler zero term where snorm = 2 ·m2pi . s0 is the Adler zero
position for the elastic scattering amplitude. Based on ChPT
s0 is set to m2pi0/2 and m
2
pi±/2 for the pipi-waves with isospin
I=0 and I=1, respectively [29]. For the parameterization of
the (Kpi)S wave with isospin I=1/2 s0=0.23 GeV/c2 is used
[28].
8Description of the three-body p¯p annihilation channels:
Here the dynamics is described in the P-vector approach (see
eq.(4)) by
Fl p = ∑
j
(I − K(s)C(s))−1l j ·Pjp, (9)
where s is the energy squared of the respective two-body
sub-channel. p stands for the production of the wave or res-
onance. Pjp represents one element of the P-vector taking
into account the production process. ∑ j runs over all chan-
nels relevant for the partial wave under consideration. l is
one of the two-body channels relevant for the respective an-
nihilation channel. The F-vector is equivalent to the T-matrix
of the two-body scattering process. The P-vector has to ex-
hibit the same pole structures as the K-matrix and is defined
as:
Pip =∑
α
βαp gαi Blαi(qi,qαi)
m2α − s
+∑
k
cki · sk, (10)
where βαp is the complex parameter representing the strength
of the production process. The remaining terms describe an
eventual energy dependent background term. The masses
and decay couplings are the same as in the scattering case,
only the production strengths are parameters to be fitted to
the annihilation data.
4.3 Fits to data
For the coupled channel fit a minimization function is used
to consider all individual channels properly. The p¯p data,
provided by the full information of each event located in a
multidimensional phase space volume, are treated slightly
differently from the scattering data which are given by one-
dimensional diagrams assigned with errors. For the p¯p chan-
nels an unbinned maximum likelihood minimization pro-
cedure is used. Input for this method are the selected data
with the event weights Qi as well as phase-space distributed
Monte Carlo events. For properly taking into account the
detector resolution and acceptance the GEANT3 transport
code has been used. To consider the correct reconstruction
efficiency the Monte Carlo events had to undergo the same
reconstruction and selection criteria as applied for data events
and described in section 3. The extended likelihood function
L for each individual channel k is defined as:
Lk ∝ ndata! · exp
(
− (ndata−n)
2
2ndata
)
·
ndata
∏
i=1
w(τi,α)ε(τi)∫
w(τ,α)ε(τ)dτ
(11)
where ndata denotes the number of data events in the chan-
nel k, τ the phase-space coordinates, α the complex fit pa-
rameter, ε(τ) the acceptance and reconstruction efficiency
at the position τ and n= ndata ·
∫
w(τ,α)ε(τ)dτ/
∫
ε(τ)dτ .
w(τ,α) is the weight as given in Eq. 1. By logarithmizing
Eq. 11, approximating the integrals with Monte Carlo events
and introducing the weight Qi for each event, the function to
be minimized is then given by:
− lnLk ≈ −
ndata
∑
i=1
Qi · lnw(τi,α)
+
(ndata
∑
i=1
Qi
)
· ln
(∑nMCj=1 w(τj,α)
nMC
)
+
1
2
·
(ndata
∑
i=1
Qi
)
·
(∑nMCj=1 w(τj,α)
nMC
−1
)2
, (12)
where nMC represents the number of selected Monte Carlo
events for the channel k.
The scattering data are provided by one dimensional data
points with errors for each scattering channel k′ and here
χ2 functions are introduced for the minimization procedure.
Due to the fact that the relation between χ2 and − lnL can
be approximated by χ2 = −2 · lnL the total negative like-
lihood function to be minimized is finally defined as:
− lnLtotal = ∑
p¯p channel k
− lnLk+ ∑
scatt. channel k′
0.5 ·χ2k′ (13)
4.4 Choice of the best Hypothesis
The search for the best fit hypothesis was an extensive iter-
ative process based on a systematic approach. The analysis
was performed in two steps. In the first step, which was not
performed with the full machinery as described before, the
parameter space was investigated in order to fix reasonable
start values for the final analysis.
Phase 1: The starting point was the performance of single
channel fits for the three p¯p reactions individually. Based
on the outcome from [9] the maximal orbital momentum
of the initial p¯p system has been chosen to be Lmaxp¯p = 4
for all fits. Also the production amplitudes has been limited
to LmaxX sr = 5. The dynamics of the f0 wave has been real-
ized by the K-matrix parameterization with fixed parame-
ters from [30]. The (Kpi)S wave with the isospin compo-
nent I = 1/2 contributes in p¯p → K+K−pi0. It has been ex-
pressed for the single as well as for the coupled channel fits
by the K-matrix parameterization from the FOCUS experi-
ment [28] containing only the two channels Kpi and Kη ′ and
the resonance pole K∗±0 (1430). All remaining resonances
have been taken into account by Breit-Wigner approxima-
tions. In order to achieve meaningful results all masses and
widths have been fixed to PDG values. Only the narrow
φ(1020) resonance has been treated slightly differently. To
take into account the detector resolution a Voigtian function,
a convolution of a Breit-Wigner and a Gaussian parameteri-
zation, has been used. The total width of φ(1020) has been
fixed to the very precisely known value of 4 MeV/c2 [1] in
order to avoid unphysical correlations with the fit parameter
9representing the description of the detector resolution.
Phase 2: Based on the outcome of these fits with simpli-
fied and rudimentary descriptions, more sophisticated cou-
ple channel fits taking into account the relevant scattering
data have been started. Apart from few isolated resonances
the Breit-Wigner and the f0-wave parameterizations have
been replaced by K-matrix descriptions as specified in 4.2.
The masses, coupling strengths and relevant background
terms have been released for all contributing resonances.
Only the narrow φ(1020) resonance, the K∗(892)± and the
fixed parametrization for the (Kpi)S-wave have been treated
in the same way as done before for the single channel fits.
The best fit hypothesis had the following ingredients:
– f0-wave: 5 K-matrix poles ( f0(500), f0(980), f0(1370),
f0(1500), f0(1710)) with 5 channels (pipi , KK¯, ηη , ηη ′,
ρρ).
– f2-wave: 4 K-matrix poles ( f2(1270), f ′2(1525), f2(1640),
f2(1950)) with 4 channels (pipi , 2pi 2pi , KK¯, ηη).
The decay mode to ηη ′ was not used here, since the rel-
evant resonances are expected to couple only weakly to
this channel. For the same reason ρρ is replaced by an
effective 2pi 2pi decay mode covering all channels with
the decay into four pions at once.
– ρ-wave: 2 K-matrix poles (ρ(770), ρ(1570)/ρ(1700))
with 3 channels (pipi , KK¯ and 2pi 2pi). This wave is only
relevant for the p¯p annihilation channel to K+K−pi0. In-
stead of ρρ the effective 2pi 2pi channel is favored also
here.
– a0-wave: 2 K-matrix poles (a0(980), a0(1450)) with 2
channels (pi0η , KK¯).
Only these two channels were directly measurable via
the p¯p-data. No information from pipi-scattering data could
be used. An effective channel for covering all decay modes
into 4pi is not introduced here. Fits with additional free
parameters related to such an effective channel lead to
unreasonable results since no scattering data and thus no
constraints on inelasticities can be used.
– a2-wave: 2 K-matrix poles (a2(1320), a2(1700)) with 2
channels (pi0η , KK¯).
For the choice of the decay channels the same arguments
as before hold.
– (Kpi)S-wave: Fixed K-matrix parameterization from the
FOCUS experiment [28] with one pole (K∗0 (1430)) and
2 channels (Kpi,Kη ′).
– pi1-wave: 1 K-matrix pole with two channels (piη ,piη ′).
This description is motivated by the recent analysis of
COMPASS data [31], where the observed rapid phase
shifts of the 1−+ in piη and in piη ′ can be explained by
the presence of only one pole.
– φ(1020), K∗(892)±
These isolated resonances occurring in the channel
K+K−pi0 are parametrized by Breit-Wigner functions.
In addition constant background terms for the K-matrix
as well as for the P-vector were needed for the three waves
f0, f2 and ρ in order to get consistent good results for the
simultaneous description of the p¯p and scattering data. All
background terms of the effective ρρ channel for the f0-
wave and of the 2pi 2pi channel for the f2- and ρ-wave have
been fixed to zero. For the dynamics of the a0- and a2-wave
no background terms have been considered and the pi1-wave
is described by constant background terms only for the piη
channel.
For the selection of the best fit hypothesis the Bayesian in-
formation criterion (BIC) and the Akaike information crite-
rion (AIC) [32, 33] have been used, which are given by
BIC =− lnL +ndf · ln(N) (14)
and
AIC =− lnL +2 ·ndf, (15)
with ndf being the number of free fit parameters and N the
number of data events. The best fit is characterized by a min-
imal value. The penalty term related to the number of free
parameters is larger in BIC than in AIC. Therefore the ex-
clusive use of AIC generally tends to overfitting, while the
more stringent criterion BIC instead favors solutions with
less parameters and tends to underfitting. A very significant
result is achieved when both criteria prefer the same hypoth-
esis. In Tab. 2 the BIC- and AIC-values for the best fit and
for alternative fits are summarized. The best hypothesis is
favored against most of the tested hypotheses for both cri-
teria. Alternatively to pi1 with one pole also this spin-exotic
wave containing two poles was tested but discarded because
of a worse ∆BIC- and ∆AIC-value. Also the description of
the pi1-wave with a relativistic Breit-Wigner function led to a
significantly worse fit result. Better BIC values are achieved
for the hypothesis with only three f2 poles and for the one
with only one a2 pole. However, the worsening based the
difference ∆AIC value is considerably larger. Slightly bet-
ter AIC-values are achieved for the hypothesis by adding the
ρ3(1690) resonance and for the ones by adding the φ(1680),
the pi1 in pi0ηη and a third ρ pole, respectively. But due to
the additional large number of free parameters the BIC crite-
ria gets dramatically worse compared to the best hypothesis.
In addition fits have been performed by adding one more
pole for the f0-, f2-, a0- and a2-waves which are not ex-
plicitly listed in Tab. 2. These fits do not yield significant
improvements. In most cases the additional poles move very
deep in the complex energy plane and describe parts of the
background terms.
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Table 2 Likelihood values and the number of free parameters for fits
with the best and alternative hypotheses. ∆NLL, ∆ndf, ∆BIC and
∆AIC are the differences of the obtained negative log likelihood val-
ues, the number of free parameters as well as the BIC and AIC values
between the alternative and the best hypothesis. The fits marked with
(*) are taken into account for the estimation of the systematic uncer-
tenties.
hypothesis NLL ndf ∆NLL ∆ndf ∆BIC ∆AIC
best hypothesis -42759 596 0 0 0 0
w/ 3ρ poles (*) -42809 614 -50 18 110 -64
w/ pi1 η (*) -42797 616 -38 20 159 -35
w/ 1 a2 pole (*) -42623 568 136 -28 -56 216
w/ φ(1680) pi0 (*) -42798 620 -51 24 180 -30
w/ ρ3(1690) pi0 (*) -42842 634 -83 38 278 -84
w/ 3 f2 poles (*) -42575 562 184 -34 -30 300
pi1 w/ Breit-Wigner -42723 592 36 -4 25 64
w/ 2pi1 poles -42763 613 -3 17 191 27
in pi0pi0η
w/ 1 a0 pole -42594 573 165 -23 61 284
w/o pi1 pi0 -42545 570 202 26 124 377
w/ 4 f0 poles -42090 570 689 26 1034 1286
4.5 Comparison of Data and Fit
4.5.1 Results for p¯p Data
The fitted mass and decay angular distributions for the re-
actions p¯p → pi0pi0η , pi0ηη and K+K−pi0 are compared
with the data in Fig. 7, 8 and 9, respectively. A good de-
scription of the data can be clearly seen for all projections.
In Fig. 9 (c) no data events and thus an acceptance hole is
clearly visible in the production angular distribution of the
K±pi0 system for cosθ p¯pK±pi0 between 0.7 and 1. The loss of
acceptance is caused by the limited coverage of the jet drift
chamber in the very forward direction. However, this range
can be fairly covered by the extrapolation of the fit result.
A goodness of fit test of the obtained probability den-
sity function to the data has been performed by utilizing a
multivariate analysis based on the concept of statistical en-
ergy [34]. The underlying principle is the comparison of the
event density distribution in the phasespace volume between
the reconstructed data sample and an amount of Monte Carlo
samples which are generated with the obtained fit parame-
ters and different random seeds each. This powerful binning
free approach makes use of the distance between the events
in the multidimensional phase-space volume. The p-value
is calculated from the number of the comparative scenar-
ios with energies above the nominal statistical energy φ f it
divided by the number of all scenarios. The general idea
behind and all details of the energy test are explained ex-
tensively in [34]. As shown in Fig. 10, p-values of 0.393,
0.363 and 0.841 demonstrate the good description of the
data for all three channels pi0pi0η , pi0ηη and K+K−pi0 , re-
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Fig. 7 Not acceptance corrected invariant pi0pi0 and pi0η mass dis-
tribution (a and b), acceptance corrected decay angular distributions
for the production (c and d) and for the decay (e-h) of the reaction
p¯p → pi0pi0η . The data are marked with red and the fit result is illus-
trated with black error bars.
spectively. Furthermore this outcome reveals that the model
selection based the BIC and AIC values is a good choice for
the extraction of the best fit hypothesis.
The reliability of the fit procedure has also been tested
by an input-output check. Based on the parameter file ob-
tained by the best fit to the data (reference), Monte Carlo
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Fig. 8 Not acceptance corrected invariant ηη and pi0η mass distri-
bution (a and b), acceptance corrected decay angular distributions
for the production (c and d) and for the decay (e-h) of the reaction
p¯p → pi0ηη . The data are marked with red and the fit result is illus-
trated with black error bars.
samples for the individual channels have been generated.
The reliability has been checked by performing fits where
the start parameters were randomized within 15 σ for the
amplitude and 10 σ for the resonance parameters. After the
fitting procedure the obtained physical quantities are com-
pared with the outcome of the reference fit. All relevant
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Fig. 9 Not acceptance corrected invariant K+K− and K±pi0 mass dis-
tribution (a and b), acceptance corrected decay angular distributions
for the production (c and d) and for the decay (e-h) of the reaction
p¯p → K+K−pi0 . The data are marked with red and the fit result is
illustrated with black error bars.
quantities, i.e. differential cross sections, masses, widths,
partial widths and spin density matrix elements, are in agree-
ment within the statistical uncertainty of ±3σ .
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Fig. 10 Goodness of fit. Statistical energy φ distribution and corre-
sponding p-value for p¯p→ (a) pi0pi0η and (b) pi0ηη and (c) K+K−pi0.
The red dashed line marks the position of the nominal statistical energy
φ f it and the gray area illustrates the number of scenarios with energies
above φ f it .
4.5.2 Results for Scattering Data
The outcome of the simultaneous fit for the scattering data
is summarized in Fig. 11. Apart from some systematic dis-
crepancies, appearing in Fig. 11 (c), (e), (f), (i) and (h), the
agreement is good. The fit can describe all data points within
3σ deviations. It should be emphasized that in particular a
good consistency is achieved for the phase shifts based on
the model independent parameterizations with small uncer-
tainties below
√
s< 1.425 GeV/c2. Fig. 12 shows the result-
ing Argand diagrams for the individual waves.
4.6 Comparison to other measurements
One striking feature of the best selected fit is the agreement
of the obtained phase difference between the a2 and the pi1
wave compared to previously published data for ηpi- and
η ′pi production in diffractive pi−p scattering at 191 GeV/c,
studied by the COMPASS collaboration [35]. Fig. 13 shows
the P-wave versus the D-wave phase motion resulting from
an ηpi partial wave analysis [35], overlayed with the present
result extracted from the best fit. It should be stressed that
Fig. 13 merely shows a comparison with no subsequent fit-
ting.
5 Extracted Properties
5.1 Contributions of different Waves
The contributions of the individual waves have been deter-
mined according to the prescription in [36] by calculating
the square of the amplitudes of the relevant wave only, and
dividing it by the square of the incoherent and of the co-
herent sums of all amplitudes. As the waves can interfere
with each other the sum of all fractions is not necessarily
unity. In Tab. 3 the fractions are listed for each wave and
channel individually. The total sum of 125.4 ± 1.1 (stat.) ±
2.5 (sys.) % for the pi0pi0η , 114.1 ± 2.5 (stat.) ± 4.3 (sys.)
% for the pi0ηη and 100.9 ± 2.0 (stat.) ± 5.8 (sys.) % for
the K+K−pi0 channel show up interference effects which are
small enough to believe that the fit result relies on a reason-
able physics description. For the resonances described with
the K-matrices it is not straight forward to disentangle the
individual contributions of different resonances and back-
ground terms [36]. Therefore the contributions of the whole
partial waves described by the K-matrix are summarized
in Tab. 3. The dominant contributions with more than 20 %
are the a0pi0, a2pi0 and f2η components for the pi0pi0η , the
f0pi0 and a2η waves for the pi0ηη and the K∗(892)±K∓ re-
action for the K+K−pi0 channel. It is worth mentioning that
the spin exotic component pi1 exhibits a fraction of more
than 10 % in pi0pi0η . The systematic uncertainties of the
contributions listed in Tab. 3 and also for all other quanti-
ties are derived from the outcome of those alternative fits
which deliver reasonably good results exhibiting either a
better BIC or AIC value compared to the one from the fit
with the best hypothesis (see fits which are marked with (*)
in Tab. 2 ). For an adequate consideration of the very com-
plex (pipi)S-wave an alternative fit based on the K-matrix pa-
rameterization from [30] has also been included for the es-
timation of the systematic uncertainties. Since the solutions
for the pipi → pipi S0-, D0- and P1-wave in the high energy
range between
√
s > 1.425 GeV/c2 and
√
s < 1.9 GeV/c2
from [20] might be not unambiguous further alternative fits
have been performed by replacing these data by the ones
based on the solutions labeled with (- - -) in [37].
Fig. 14, 15 and 16 show the invariant mass spectra with
the contributions of the individual waves for the channels
pi0pi0η , pi0ηη and K+K−pi0, respectively.
For the reaction p¯p→ pi0pi0η the contributions are com-
parable with the outcome of the former Crystal Barrel anal-
ysis [3]. An obvious difference is that the spin-exotic wave
has not been seen in the old analysis. However, an evident
contribution of this wave has been found in p¯ annihilation
data at rest with liquid deuterium and gaseous hydrogen tar-
gets [11, 12]. The individual fractions for the channels pi0ηη
and K+K−pi0 show slight differences compared to former
Crystal Barrel analyses [3, 38]. However, the two contri-
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Fig. 11 Results for Scattering Data. Figs a,b for S wave pipi → pipi inelasticity and phase shift, c–e for |T 2|-values of processes pipi →
ηη ,ηη ′,KK in S wave. f ,g for D wave pipi → pipi inelasticity and phase shift. h, i for |T 2|-values of processes pipi → KK,ηη , j,k for P0
wave pipi → pipi inelasticity and phase shift. The data are given by red points with error bars and the black line represents the fit result. The
references for the individual scattering data sets are listed in section 3.4.
butions φ(1020)pi0 and K∗(892)±K∓ which are of special
interest here and where the intermediate resonances are iso-
lated and parameterized by Breit-Wigner functions, are in
good agreement with [38]. For most of the remaining reso-
nances, which are described by K-matrices in this work, it
is not straightforward to compare the contributions to those
obtained from Breit-Wigner based fits.
5.2 Pole and Breit-Wigner Parameters
The dynamics of the isolated resonance K∗(892)± and
φ(1020) are described by a relativistic Breit-Wigner approx-
imation. The corresponding masses and widths are treated as
free parameters so that these properties including their sta-
tistical uncertainties can directly be obtained from the out-
come of the fit. However, the parameters of the resonances
described by the K-matrices must be determined by the pole
positions in the complex energy plane of the T-matrix on the
Rieman sheet located next to the physical sheet. A detailed
description of the classification of poles and their occurrence
on the different sheets can be found in [39], for example.
Therefore the pole position properties are not direct fit pa-
rameters. The scan of the complex energy plane is realized
here by a minimization procedure where the real and imag-
inary parts of the pole in the complex T-matrix plane are
the free parameters. The extraction of the statistical errors is
based on this fit method as well and makes use of a numeri-
cal approach by taking into account the covariance error ma-
trix obtained by the coupled channel fit. Due to the fact that
the f0(980) and a0(980) resonances are located very close
to the KK¯ threshold the pole positions have been extracted
slightly differently. Here the obtained quantities are based
on an average of the two relevant sheets below and above
this threshold. Since the pole of the f0(1500) occurs nearby
the ηη ′ threshold the same procedure has also been chosen
for this resonance. The masses, widths and pole positions
so obtained are listed in Tab. 4. The systematic uncertainties
were derived as described before in 5.1. It turned out that the
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statistical errors in particular for the masses and widths pro-
vided by the minimization tool MINUIT2 are systematically
too small. Therefore the likelihood profiling method [40] has
been performed for some specific resonances. The obtained
uncertainties based on this procedure are larger by a factor
of between 2 and 5. However, the uncertainties for the po-
sitions of all poles with a significant contribution to the p¯p
Table 3 Contributions in % of the individual waves for the three chan-
nels p¯p → pi0pi0η , pi0ηη and K+K−pi0 .
contribution (in %) for channel
pi0pi0η pi0ηη K+K−pi0
f0 pi0 48.0 ± 1.5± 5.9 10.7 ± 0.4± 1.5
f0η 8.7 ± 0.3± 3.0
f2 pi0 17.0 ± 1.0± 2.7 19.3 ± 0.8± 5.7
f2η 48.1 ± 0.7± 1.6
ρ pi0 6.2 ± 0.6± 3.2
a0 pi0 22.8 ± 0.4± 1.9 0.8 ± 0.0± 0.5
a0η 16.3 ± 0.8± 4.7
a2 pi0 32.8 ± 0.6± 2.1 1.0 ± 0.0± 0.8
a2η 32.8 ± 1.6± 6.2
K∗(892)±K∓ 45.7 ± 1.6± 9.1
(Kpi)±S K
∓ 14.4 ± 0.8± 4.3
φ(1020)pi0 2.7 ± 0.3± 0.5
pi1(1400)pi0 13.0 ± 0.4± 2.0
Σ 125.4± 1.1± 2.5 114.1± 2.5± 4.3 100.9± 2.0± 5.8
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Fig. 14 Efficiency corrected invariant pi0pi0- (left) and pi0η- mass
(right) for the reaction p¯p → pi0pi0η . The overall result is marked
in black, while the individual contributions are visualized by different
colors.
channels are dominated by the systematics and thus the sta-
tistical errors are negligible.
Most of the obtained quantities are in good agreement
with other measurements [1]. It should be noted that the
scalar mesons f0(1500) and f0(1710) exhibit larger total
widths. The large mass and width for the f0(500) pole is
probably related to the chosen K-matrix approach. The de-
scription chosen here does not take into account properly
crossing symmetries and other sophisticated constraints for
the low pipi mass region, as for example used in [4]. The
pole position for the ρ(1570)/ρ(1700) is strongly depend-
ing on the chosen scattering data in the energy range be-
tween
√
s > 1.425GeV/c2 and
√
s < 1.9GeV/c2 . A mass
of M = 1603.6 MeV/c2 and a width of Γ = 140.5 MeV
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have been achieved with the D1-wave data from [20] and
the resonance can be therefore associated with the ρ(1570).
By taking into account the scattering data from [37] instead,
the pole position is determined to be M = 1646.5 MeV/c2
and Γ = 259.0 MeV and this state can be assigned to the
ρ(1700). In order to consider this systematic discrepancy in
an adequate way asymmetric uncertainties are provided for
all quantities of this resonance.
The pole mass of the a0(1450) meson is measured to
be 1298.2 MeV/c2 and significantly lower compared to the
PDG average [1]. It is, however, comparable with the old
Crystal Barrel analysis [3] and several other measurements
collected in [1].
5.3 Partial Decay Widths
Due to the fact that the K-matrix ansatz chosen here fulfills
unitarity and analyticity it is for some specific resonances
even possible to extract not only the pole positions but also
the coupling strengths and thus the partial widths for the in-
dividual decay channels. The widths can be extracted via the
residues of the scattering matrix T with the projection to the
relevant decay channel k on the sheet closest to the physical
one. The residues are determined by calculating the integral
along a closed contour Czα around the pole α [1]:
Resαk→k =
1
2pii
∮
Czα
√
ρk · Tk→k(z) · √ρk dz (16)
where zα denotes the pole position of the resonance α in
the complex energy plane. This integral has been numeri-
cally estimated by making use of the Laurent expansion as
described in [41], for example. By determining the Laurent
coefficient ak−1 numerically via
1
ak−1
=
∂
∂ z
∣∣∣
z=zα
1√ρk ·Tk→k ·√ρk ≈
1
Resαk→k
, (17)
one approximates the partial width Γk for the decay channel
k by:
Γk ≈ 2 ·
∣∣∣ 1
ak−1
∣∣∣. (18)
Tab. 4 lists the partial widths for the f2(1270), f ′2(1525),
ρ(770) and ρ(1570)/ρ(1700) resonance. These quantities
are not extracted for the decay channels to ρρ and 2pi 2pi
which are not directly accessible and are only treated as ef-
fective channels to consider the unitarity. The partial widths
are in good agreement with all other measurements [1]. It
should be noted that the obtained quantities for the ρ(770)
are only based on the fit to the scattering data. This vec-
tor meson does not couple to the p¯p channels analyzed here.
The absolute coupling strengths for the a0 and a2 resonances
have not been determined because the K-matrices are only
described by the two channels piη and KK¯. Since further rel-
evant decay modes like 3pi or ωpipi are not considered, the
extraction would result in unreliable values for these cou-
pling strengths. Instead, the ratios Γpiη/ΓKK¯ have been deter-
mined for these resonances which should deliver more rea-
sonable results.
Due to the fact that the numerical method based on the
Laurent expansion is only a trustful approximation for res-
onances located not too far from the real axis and not too
close to thresholds the coupling strengths have not been ex-
tracted for the f2(1640), f2(1960) and for all f0 resonances.
The relevant K-matrix of the (pipi)S-wave is very complex
and is characterized by 5 channels and 5 poles. These poles
are in fact located far from the real axis or close to specific
thresholds.
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Table 4 Obtained masses and widths for the individual resonances. The values of the Breit-Wigner parameterization are listed for the isolated
resonances K∗(892) and φ(1680). The φ(1020) has been described by a Voigtian. For the pi1 and all f0, f2, a0, a2 and ρ-states the pole positions
are extracted from the T-matrix. Absolute and relative branching fractions are extracted for the f2(1270), f ′2(1525), ρ(770), ρ(1570) and for the
a0 and a2 resonances, respectively. The obtained quantities for the a0(980) and f0(980) mesons are based on an average of the two relevant sheets
below and above the KK¯ threshold. The statistical uncertainty is given by the first and the systematic uncertainty is provided by the second error.
name Breit-Wigner mass [MeV/c2] Breit-Wigner width Γ [MeV]
K∗(892) 893.9 ± 0.5± 1.7 53.5 ± 0.8± 0.7
φ(1020) 1018.8 ± 0.5± 0.2 4.0 (fixed)
name pole mass [MeV/c2] pole width Γ [MeV]
pi1 1434.4 ± 2.8± 48.4 246.7 ± 3.2 ± 144.1
f0(500) 781.2 ± 0.3± 164.4 788.6 ± 1.9± 217.7
f0(980) 992.8 ± 0.1± 2.0 36.7 ± 0.6± 20.0
f0(1370) 1400.1 ± 1.7± 11.0 306.8 ± 1.4± 24.8
f0(1500) 1517.9 ± 0.1± 19.3 154.1 ± 0.3± 10.0
f0(1710) 1705.4 ± 0.1± 7.2 261.9 ± 0.2± 50.3
f2(1640) 1624.9 ± 1.3± 26.6 204.9 ± 2.9± 18.2
f2(1950) 1981.3 ± 5.0± 25.3 350.0 ± 8.6± 51.5
name pole mass [MeV/c2] pole width Γ [MeV] ΓKK/Γηpi0 [%]
a0(980) 989.0 ± 1.2± 8.8 119.0 ± 2.0± 16.7 5.8 ± 0.1± 4.7
a0(1450) 1298.2 ± 1.3± 6.3 122.9 ± 2.4± 12.2 97.2 ± 0.8± 44.2
a2(1320) 1316.6 ± 0.6± 1.7 106.9 ± 1.3± 6.4 50.4 ± 0.2± 31.1
a2(1700) 1728.8 ± 3.1± 6.9 164.0 ± 6.2± 23.8 60.1 ± 0.5± 58.2
name pole mass [MeV/c2] pole width Γ [MeV] Γpipi/Γ [%] ΓKK/Γ [%] Γηη/Γ [%]
f2(1270) 1266.3 ± 0.2± 3.4 200.1 ± 0.5± 14.2 88.2 ± 0.1± 4.5 6.8 ± 0.5± 4.5 0.0 ± 0.5± 0.1
f ′2(1525) 1506.8 ± 1.1± 4.6 87.6 ± 1.2± 9.2 4.1 ± 1.8± 1.2 54.0 ± 3.7± 9.1 5.6 ± 4.5± 0.6
ρ(770) 765.6 ± 0.2± 0.3 122.5 ± 0.3± 0.6 99.6 ± 0.1± 6.4 0.1 ± 0.1± 0.1 -
ρ(1570)/ρ(1700) 1603.6 ± 3.6 +42.9−18.4 140.5 ± 5.4 +117.4−28.0 31.4 ± 2.5 +2.9−20.8 5.9 ± 10.6 +3.4−4.0 -
5.4 Production Cross Sections and Spin Density Matrix
elements for φ(1020), K∗(892)± and the pi01 -Wave
The differential production cross sections and the SDM el-
ements for the resonances φ(1020), K∗(892)± in the reac-
tion p¯p → K+K−pi0 and for the spin-exotic wave pi01 in the
reaction p¯p → pi0pi0η derived from the final fit result are
discussed in the following. Due to the fact that the infor-
mation on the beam luminosity is not accessible anymore,
only the relative cross sections could be extracted. Absolute
values were determined by normalization to the measured
total cross sections at the beam momentum of 900 MeV,
347 ±37 µb for the channel p¯p → K+K−pi0 [38] and
83.3 ±4.9 µb for the reaction p¯p → pi0pi0η with η → γγ
[42].
The SDM elements for the three vector mesons have
been extracted in a similar way as already done for the ω
in the reaction p¯p → ωpi0 [9]. Since interference effects are
not negligible in particular for the contributionsK∗(892)±K∓
and pi01pi
0, the extraction of these quantities is more chal-
lenging compared to the ωpi0 case which is characterized
by an isolated narrow resonance. The traditional way, also
called Schilling method [43], cannot be utilized for the de-
cay topology here. This method uses only the decay angles
and it is therefore mandatory that no interference effects rise
up in connection with the resonance of interest. Instead, the
SDM elements have been determined here by using the rel-
evant production amplitudes obtained by the fit which con-
tain the full information of these quantities. This method is
rarely used and has already been applied successfully for
the reaction γ p → ω p [19] and later on for the p¯p annihila-
tion process p¯p → ωpi0 [9]. The individual ρ-elements can
be extracted from the initial p¯p and production amplitudes
via [44]:
ρλiλ j =
1
N ∑λp¯,λp
(
Ap¯p→J
PC
λp λp¯ B
JPC→Xsr
λi 0
)∗ ·(Ap¯p→JPCλp λ p¯ BJPC→Xsrλ j 0 ),
(19)
where λi denotes the helicity of the vector meson and N is
the normalization factor:
N = ∑
λp¯,λp,λX
∣∣∣Ap¯p→JPCλp λ p¯ BJPC→XsrλX 0 ∣∣∣2 (20)
According to equ. 3 the SDM elements are slightly depend-
ing on the invariant mass of the two-body subsystem X which
is caused by the production barrier factor FLXsr (
√
s,mX ,msr).
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Therefore the elements have been extracted within the range
of ±20 MeV/c2 around the obtained mass values of all 3
vector mesons. This limitation ensures that the fluctuations
related to the invariant mass values are small and thus negli-
gible compared with other uncertainties.
The spin density matrix elements averaged over the com-
plete production angle have also been calculated via:
ρ i j =
1∫
−1
dσ
dcos θ p¯p ρi j(cos θ
p¯p) dcos θ p¯p
1∫
−1
dσ
dcos θ p¯p dcos θ
p¯p
(21)
5.4.1 p¯p → φ(1020)pi0
The differential cross section for the produced φ(1020) is
shown in Fig. 17 (a). It is clearly visible that this vector
meson is produced strongly in the forward and backward
direction and is symmetric in cosθ p¯pφ , as expected accord-
ing to the underlying strong interaction process. Based on
this outcome and the one from [38] the total cross section
for the reaction p¯p → φ(1020)pi0 at a beam momentum
of 900 MeV/c is determined to be σ(p¯p → φ(1020)pi0) =
19.1 ± 2.1 (stat.) ± 3.6 (exp.) ± 2.0 (ext.) µb. The first
error is the statistical and the second one the systematic un-
certainty from this analysis. The third error represents the
uncertainty for the total cross section of the reaction p¯p →
K+K−pi0 extracted from [38].
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Fig. 17 Differential production cross section (a) and spin density
matrix elements ρ00 (b), ℜρ10 (c) and ρ1−1 (d) of the φ(1020) in
p¯p → φ(1020)pi0. All elements are shown in the helicity system of
the φ(1020). The yellow and the gray bands stand for the statistical
and systematic uncertainty, respectively.
The SDM elements for φ(1020) in its respective helicity
system are shown in Fig. 17 (b-d). All matrix elements ex-
hibit a strong oscillatory dependence on the production an-
gle cos θ p¯pφ . This oscillatory behavior was already observed
in the SDM elements of the ω(782) [9]. The integrated ele-
ments averaged over the complete production angle are con-
sistent with no spin alignment (Tab. 5) which means that all
diagonal elements are in agreement with ρ ii = 1/3.
5.4.2 p¯p → K∗(892)K
In contrast to the φ(1020) the cross section of the K∗(892)−
is characterized by a very significant asymmetric dependence
on the production angle (Fig. 18 (a)) . The production of the
K∗(892)+ is directly related to the one of the K∗(892)− by
dσ
dcosθ p¯pK∗−
(cosθ p¯pK∗−) =
dσ
dcosθ p¯pK∗+
(−cosθ p¯pK∗+) (22)
and thus the corresponding histograms are not explicitly shown
here. The reaction p¯p → K∗(892)−K+ exhibits very similar
characteristics like p¯p→ K−K+ measured by a spark cham-
ber experiment for 20 incident p¯ momenta between 0.8 and
2.4 GeV/c [45]. There the forward peak becomes stronger
by increasing beam momenta and it has been suggested that
this observed s-dependence might be caused by Regge ex-
change effects [46, 47]. It might be possible that similar un-
derlying processes are also relevant for the chargedK∗(892)±
production in this energy region. The total cross section for
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Fig. 18 Differential production cross section (a) and spin density ma-
trix elements ρ00 (b), ℜρ10 (c) and ρ1−1 (d) of the K∗(892)− in
p¯p → K∗(892)K. All elements are shown in the helicity system of
the K∗−. The yellow and the gray bands stand for the statistical and
systematic uncertainty, respectively.
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the reaction p¯p → K∗(892)−K+ at a beam momentum of
900 MeV/c is determined to be σ(p¯p → K∗(892)±K∓) =
481.8 ± 16.3 (stat.) ± 96.0 (exp.) ± 51.4 (ext.) µb. Also
here the third error is due to the uncertainty of the total cross
section for the reaction p¯p → K+K−pi0 [38].
The SDM elements for K∗(892)− in its respective helic-
ity system are shown in Fig. 18 (b-d). Similar to the φ(1020)
and ω(782) case all matrix elements exhibit a strong oscilla-
tory dependence on the production angle cos θ p¯pK∗− . Also here
the integrated elements averaged over the complete produc-
tion angle are consistent with no spin alignment (Tab. 5).
5.4.3 p¯p → pi01pi0
The differential production cross sections and the SDM el-
ements for the pi01 -wave are summarized in Fig. 19. In com-
parison to the φ(1020) case the forward and backward peak
is less pronounced and the SDM element ρ00 averaged over
the production angle exhibit a value of 57.6%. The total
cross section for the reaction p¯p → pi01pi0 with the decay
pi01 → ηpi0 at a beam momentum of 900 MeV/c is calcu-
lated to be σ(p¯p→ pi01pi0,pi01 → ηpi0) = 28.1± 0.9 (stat.)±
4.3 (exp.) ± 1.7 (ref.) µb. The third error represents the un-
certainty of the total cross section for the reaction p¯p →
pi0pi0η extracted from [42].
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Fig. 19 Differential production cross section of p¯p → pi01pi0 with
pi01 → pi0η (a) and spin density matrix elements ρ00 (b), ℜρ10 (c) and
ρ1−1 (d) of the pi01 in p¯p → pi01pi0. All elements are shown in the he-
licity system of the pi01 . The yellow and the gray bands stand for the
statistical and systematic uncertainty, respectively.
Table 5 Spin density matrix elements averaged over the whole produc-
tion cross section for the φ(1020), K∗(892)+ and pi01 vector mesons in
their respective helicity system. The errors give the statistical and the
systematic uncertainties. Due to symmetry reasons the elementsℜρ1 0
for φ(1020) and pi01 are exactly 0 and therefore not listed here.
φ(1020) K∗(892)+ pi1
ρ0 0 [%] 34.5 ± 6.2+ 2.1− 13.5 34.8 ± 1.8+ 2.6− 2.2 57.6 ± 0.8+ 4.6− 22.1
ρ1−1 [%] −13.4 ± 4.6+ 2.4− 2.4 −2.7 ± 1.3+ 2.7− 1.0 10.9 ± 0.4+ 10.8− 6.7
ℜρ1 0 [%] −8.3 ± 1.1+ 0.6− 2.1
6 Summary
A coupled channel analysis of p¯p annihilation to pi0pi0η ,
pi0ηη and K+K−pi0 at a beam momentum of 900 MeV/c
has been performed by considering pipi-scattering data for
the S0-, D0- and P1-waves. The usage of the K-matrix ap-
proach for the description of the dynamics ensures a suffi-
cient fulfillment of unitarity and analyticity conditions. All
data are reproduced reasonably well by the simultaneous fit.
The dominant contributions in the three p¯p channels with
more than 20 % are the a0pi0, a2pi0, and f2η components
for pi0pi0η , the f0pi0 and a2η waves for pi0ηη and the
K∗(892)±K∓ reaction for K+K−pi0. Masses and widths ob-
tained from the Breit-Wigner paramerterizations for isolated
resonances and pole positions extracted from the K-matrix
descriptions have been determined and are within the ball-
park of other individual measurements. In the channel pi0pi0η
a significant contribution of the spin exotic IG = 1− JPC =
1−+ wave decaying to pi0η has been observed. By choosing
the K-matrix approach with one pole and two decay chan-
nels (piη , piη ′) for the description of the dynamics, a mass
of (1434.4 ± 2.8 (stat.) ± 48.4 (sys.)) MeV/c2 and a width
of (246.7 ± 3.2 (stat.) ± 144.1 (sys.)) MeV are obtained.
Whether the exotic wave observed in the present work ex-
hibits resonant behavior will be discussed in a forthcom-
ing paper. Partial decay widths for the f2(1270), f ′2(1525),
ρ(770) and ρ(1570)/ρ(1700) states and ratios of these prop-
erties for the a0 and a2 resonances have been retrieved via
the residues of the pole positions. The partial decay widths
for the strongly contributing tensor state f2(1270) are within
the uncertainties in good agreement with the old measure-
ments. The differential production cross section and the spin-
density-matrix elements for the φ(1020) and the K∗(892)±
have been extracted. While the φ(1020) vector meson is
produced strongly in the forward and backward direction,
the K∗(892)− instead, is characterized by a very significant
asymmetric dependence on the production angle. No spin-
alignment effects are observed for both vector mesons but
the individual spin-density matrix elements exhibit an oscil-
latory dependence on the production angle. The SDM ele-
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ments have also been determined for the spin-exotic wave
pi01 with an averaged value of ρ00 = 57.6%.
Acknowledgements The study was funded by the Collaborative Re-
search Center under the project CRC 110: Symmetries and the Emer-
gence of Structure in QCD. W. Dünnweber and M. Faessler are sup-
ported by the DFG Cluster of Excellence Origins. The authors wish
to thank R. Kaminsky, J. Ruiz de Elvira and A. Rodas for provid-
ing the scattering data and related information and to C. Hanhart and
D. Rönchen for the helpful hints related to unitarity and analyticity
conditions and to the extraction of resonance properties. We also grate-
fully acknowledge U. Thoma for the constructive suggestions and ad-
vices to improve this paper. Most of the time-consuming fits have been
performed on the Green Cube at GSI in Darmstadt.
References
1. M. Tanabashi et al. [Particle Data Group],
Phys. Rev. D 98, no. 3, 030001 (2018).
doi:10.1103/PhysRevD.98.030001
2. C. Amsler et al. [Crystal Barrel Collaboration],
Phys. Lett. B 355, 425 (1995). doi:10.1016/0370-
2693(95)00747-9
3. C. Amsler et al. [Crystal Barrel Collaboration], Eur.
Phys. J. C 23, 29 (2002). doi:10.1007/s100520100860
4. R. Garcia-Martin, R. Kaminski, J. R. Pelaez, J. Ruiz
de Elvira and F. J. Yndurain, Phys. Rev. D 83,
074004 (2011) doi:10.1103/PhysRevD.83.074004
[arXiv:1102.2183 [hep-ph]].
5. B. Kopf, H. Koch, J. Pychy and U. Wiedner, Hyperfine
Interact. 229, no. 1-3, 69 (2014). doi:10.1007/s10751-
014-1039-2
6. A. Abele et al. [Crystal Barrel Collaboration], Phys. Lett.
B 468, 178 (1999). doi:10.1016/S0370-2693(99)01191-0
7. A. V. Anisovich et al. [Crystal Barrel Collaboration],
Phys. Lett. B 452, 180 (1999). doi:10.1016/S0370-
2693(99)00249-X
8. J.-L. Basdevant and E. L. Berger, Phys. Rev. D 19, 239
(1979). doi:10.1103/PhysRevD.19.239
9. C. Amsler et al. [Crystal Barrel Collabora-
tion], Eur. Phys. J. C 75, no. 3, 124 (2015)
doi:10.1140/epjc/s10052-015-3341-9 [arXiv:1410.3743
[hep-ex]].
10. M. Baubillier, L. De Billy, M. Rivoal, R. Zitoun,
V. Vuillemin and R. Brenzikofer, Nucl. Phys. B 104, 277
(1976). doi:10.1016/0550-3213(76)90037-7
11. A. Abele et al. [Crystal Barrel Collaboration],
Phys. Lett. B 423, 175 (1998). doi:10.1016/S0370-
2693(98)00123-3
12. A. Abele et al. [Crystal Barrel Collaboration],
Phys. Lett. B 446, 349 (1999). doi:10.1016/S0370-
2693(98)01544-5
13. M. F. M. Lutz et al. [PANDA Collaboration],
arXiv:0903.3905 [hep-ex].
14. E. Aker et al. [Crystal Barrel Collaboration], Nucl. In-
strum. Meth. A 321, 69 (1992).
15. T. F. Degener and M. Kunze, Int. J. Mod. Phys. C 6, 599
(1995). doi:10.1142/S0129183195000496
16. R. Berlich and M. Kunze, Nucl. Instrum. Meth. A 389,
274 (1997). doi:10.1016/S0168-9002(97)00085-5
17. M. Williams, M. Bellis and C. A. Meyer, JINST
4, P10003 (2009) doi:10.1088/1748-0221/4/10/P10003
[arXiv:0809.2548 [nucl-ex]].
18. M. Williams et al. [CLAS Collaboration], Phys. Rev.
C 80, 065208 (2009) doi:10.1103/PhysRevC.80.065208
[arXiv:0908.2910 [nucl-ex]].
19. M. Williams et al. [CLAS Collaboration], Phys. Rev.
C 80, 065209 (2009) doi:10.1103/PhysRevC.80.065209
[arXiv:0908.2911 [nucl-ex]].
20. B. Hyams et al., Nucl. Phys. B 64, 134 (1973).
doi:10.1016/0550-3213(73)90618-4
21. R. S. Longacre et al., Phys. Lett. B 177, 223 (1986).
doi:10.1016/0370-2693(86)91061-0
22. F. G. Binon et al. [Serpukhov-Brussels-Annecy(LAPP)
Collaboration], Nuovo Cim. A 78, 313 (1983).
23. F. G. Binon et al. [Serpukhov-Brussels-Annecy(LAPP)
Collaboration], Nuovo Cim. A 80, 363 (1984).
doi:10.1007/BF02785807
24. S. Mundigl, M. J. Vicente Vacas and W. Weise,
Nucl. Phys. A 523, 499 (1991). doi:10.1016/0375-
9474(91)90033-3
25. H. Koch, PANDA Internal Note AN-QCD-2012-001
(2012).
26. I. J. R. Aitchison, Nucl. Phys. A 189, 417 (1972).
doi:10.1016/0375-9474(72)90305-3
27. S. U. Chung, J. Brose, R. Hackmann, E. Klempt,
S. Spanier and C. Strassburger, Annalen Phys. 4, 404
(1995). doi:10.1002/andp.19955070504
28. J. M. Link et al. [FOCUS Collaboration], Phys.
Lett. B 653, 1 (2007) doi:10.1016/j.physletb.2007.06.070
[arXiv:0705.2248 [hep-ex]].
29. G. Rupp, F. Kleefeld and E. van Beveren, AIP Conf.
Proc. 756, 360 (2005) doi:10.1063/1.1920993 [hep-
ph/0412078].
30. V. V. Anisovich and A. V. Sarantsev, Eur. Phys. J.
A 16, 229 (2003) doi:10.1140/epja/i2002-10068-x [hep-
ph/0204328].
31. A. Rodas et al. [JPAC Collaboration],
Phys. Rev. Lett. 122, no. 4, 042002
(2019) doi:10.1103/PhysRevLett.122.042002
[arXiv:1810.04171 [hep-ph]].
32. G. Schwarz, Annals of Statistics 6, 461âA˘S¸464 (1978).
doi:10.1214/aos/1176344136
33. K. P. Burnham and D. R. Anderson, Springer-Verlag,
NewYork, 2002
34. B. Aslan, G. Zech, Nuclear Instruments and Methods in
Physics Research A 537 (2005) 626âA˘S¸636
20
35. C. Adolph et al. [COMPASS Collaboration], Phys. Lett.
B 740, 303 (2015) doi:10.1016/j.physletb.2014.11.058
[arXiv:1408.4286 [hep-ex]].
36. K. Nakamura et al. [Particle Data Group], J. Phys. G 37,
075021 (2010). doi:10.1088/0954-3899/37/7A/075021
37. B. Hyams et al., Nucl. Phys. B 100, 205 (1975).
doi:10.1016/0550-3213(75)90616-1
38. C. Amsler et al. [Crystal Barrel Collab-
oration], Phys. Lett. B 639, 165 (2006).
doi:10.1016/j.physletb.2006.06.010
39. A. M. Badalian, L. P. Kok, M. I. Polikarpov
and Y. A. Simonov, Phys. Rept. 82, 31 (1982).
doi:10.1016/0370-1573(82)90014-X
40. W. A. Rolke, A. M. Lopez and J. Con-
rad, Nucl. Instrum. Meth. A 551, 493 (2005)
doi:10.1016/j.nima.2005.05.068 [physics/0403059].
41. M. Doring, C. Hanhart, F. Huang, S. Krewald,
U.-G. Meissner and D. Ronchen, Nucl. Phys. A
851, 58 (2011) doi:10.1016/j.nuclphysa.2010.12.010
[arXiv:1009.3781 [nucl-th]].
42. A. V. Anisovich et al., Nucl. Phys. A 651, 253 (1999)
doi:10.1016/S0375-9474(99)00137-2 [arXiv:1109.2086
[hep-ex]].
43. K. Schilling, P. Seyboth and G. E. Wolf, Nucl.
Phys. B 15, 397 (1970) Erratum: [Nucl. Phys. B
18, 332 (1970)]. doi:10.1016/0550-3213(70)90295-6,
10.1016/0550-3213(70)90070-2
44. R. Kutschke, “An Angular Distribution Cookbook”,
1996, “http://home.fnal.gov/˜kutschke/”, unpublished.
45. E. Eisenhandler et al., Phys. Lett. 47B, 531 (1973).
doi:10.1016/0370-2693(73)90034-8
46. E. Eisenhandler et al., Phys. Lett. 47B, 536 (1973).
doi:10.1016/0370-2693(73)90035-X
47. E. Eisenhandler et al., Phys. Lett. 49B, 201 (1974).
doi:10.1016/0370-2693(74)90509-7
